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ABSTRACT

This study was undertaken to obtain the parameters for ozone phctolysis

in the 280-330 nm region as a function of temperature in the 200-300 K
.range.

The absolute absorption coefficients for O, were measured at 268,
271, 225, and 206 K and were tabulated at l-nm intervals over the 250-370 nm
wavelength range. Uncertainties in the absorption coefficients range from
2% at room temperature to about 147% at 206 K and mainly fall in the 3-7%

range. Pressure of 0.02-~100 torr ozone were used, and no pressure effect

was observed up to 800 torr N.:.

The relative 0('D) quantum yield resulting from laser pulse photolysis
of ozone was measured at 300, 260, and 198 K, in the 280-310 nm region by
direct observation of the 0(’D) fluorescence at 630 nm. This was the first
measurement of the 0('D) quantum vields based on direct observation of O('D)
emission., These measurements were put on an absolute basis by measuring
the primary quantum yield of O(’P) at the same temperatures using the
0(’P) resonance fluorescence triplet at 130 nm. This was accomplished
by examining the time behavior of the O(’P) signal in the presence of an

excess of N;, and in the presence of ozone alone, after it was reconfirmed
that 0('D) + 0, yielded one 0(’P).

In general, we found that the time dependence for both O(’P) and 0('D)

signals were as expected from rate constants in the literature. At room
temperature we found aboutr 5 t 2% O(’P) formaticn at 230 wm, and 3 = 3%
at 270 nm.

The implications of the data concerning the detailed photolysis mechanism

of ozone and the atmospheric modeling of this process are discussed.
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I INTRODUCTION

The blological role of atmospheric ozone as an ultraviolet (UV) shield
and as a pollutant in the urban troposphere make it important to obtain
accurate ozone kinetics and photolysis parameters. Ozone photolysis is
the main process by which UV radiation from the sun is converted into
thermal energy in the daytime stratosphere, and thus it plays an important
role in the energy cycle of the earth. The UV photolysis of ozone is the
dominant daytime production process for O-atoms within the stratosphere,
and along with the recombination process, it determines the davtime Q-atom
concentration in the middle and lower stratosphere. Johnston! has noted

that calculations based on the simple Chapman mechanism

O +hv » 0+0 (1)
0+ 0+M > 0, +M ()
0+ 0, +M - 05+ M (3

0, +hy - 0+ 0; (&)

0+ 05 + 20, (5)

lead to calculated ozone concentrations that are too large by a factor of

5. He has sugges:ed that trace constitutents, most notably NO and NO.,

destroy ozone, beginning with ozone photolysis to produce O('D) followed by:

0('D) + N26 -~ 2NO (as well as N, + 03) (6)

Then, the NO formed in reaction (6) is available to catalyze the destruction

of 0, and O:

NO + 0, —+ NO; + 0, (7)
O+ NO; + NO + 0, (8)
Net: 0, +0 > 0+ 20,

In addition to this NO/NO, cycle, thz H/OH cycle also destroys odd-
oxygen species and is mainly initiated by O('D) reaction with atmospheric
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water vapor. The sequence of reactions is initiated by

O('D) + H,0 ~ 20H (9) Y
B
followed by the catalytic cycle: ‘ié
£
OH + 0 - 0, (10) !
H+0, > 0, (11) ?
Net: O+ 0, - 20, (10) + (11)

A similar odd-oxygen destruction also occurs in a Cl1/Cl0 cycle, although
in this case the main initiating step is photolysis of the Cl-containing

melecule rather than reaction with O('D) from ozone photolysis,

Thus, because of the dominant role plaved by O('D) reacticns in §

i rpa

initiating two catalytic cycles that destroy odd-oxygen species (mainly
0 and 03), it is important to know the rate of production of O('D) in
the stratosphere; this rate is controlled by the rate of ozcne photolysis
in the Hartley band. To calculate this rate, we must know the absorption

spectrum and quantum yield occurately as a function of temperature,

Literature values for the absorption cross sections?»13 are in good
agreement in the Hartley band (200-310 nm) at room temperature. Previous
to the current study, however, Vigrouxs"l1 completed the only studies of
ozone absorption coefficient dependence on temperature in the spectral

. region between 245 and 345 nm. He found that the absorption cross section
was reduced most with lowering temperature at wavelengths that corresponded
to minima in the Huggins band intensities (as at 329.9 nm, for instance)
and therefore to high rotational numbers. He also found that the effect
of temperature changes was greater at long wavelengths than at short ones,
He concluded that the effect of reducing temperature was not due as much

g - to the shifting of the onset of O('D) production as t: the reduction in

ground-state ozone internal energy.

In the Huggins region,“‘v22 a quantum yield of one for the process:

0, + hv —+ 02(a) + 0C°P) (12)

seems to be firmly established at wavelengths greater than 320 nm; this
Ils based on total ozone disappearance quantum yields of 4.0, independent

of temperature, and on spectroscopic observations!>:23 of the 0;(%A) emission,

2
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which is proportional to the 0, photolysis rate and is independent of
Nz or Q2 pressures.

The atmospherically important photolysis process takes place in the

225,
:

Hartley band, with tie near unit quantum efficiency?ls2"s?
0s + hv + 0,('3) + oC'D) (13)

Many studies have been made near the 308 nm 0('D) cut-off regicn.
No absolute quantum yleld measurements exist for O('D) production, $('D),
for this whole region, and quantum yields at 313 nm (see Table 1) show
values ranging from less than 0.1 to 1.0. Most of these studies assumed
unit quantum yield for O('D) production at the quantum yield plateau at
\ < 308 nm., Recently, however, Fairchild et al.3“ obtained results implving
that the 0('D) quantum yield varies significantly in the wavelength reglon
around the cut-cff. They found a monotonic decrease in O('D) quantum
yields as the wavelength decreased below 308 nm. They measured a value
for ¢('D) of 0.87 at 274 nm. In retrospect, the data of Lin and Demore, !
which they normalized at an 0(’D) quantum yield of 1.0 at 300 nm, also
shows a drop-c!f in the quantum vield of isobutanol formation at shorter
wavelengths; this drop-off was barely perceptible given their experimental
uncertainty. Recently Wiesenfeld3® and also Sparks et al.3® have reported
results coinciding with Lawrence's observation. However, earlier work by
Wiesenfeld,3’ using the same methods as in the recent study,3% gave a value
of $(°P) of zero at 266 nm. E. K. Lee33 only found #('D) decrease with
increasing wavelength as the cutoff is approached in contrast to other

workers.

To summarize, then, ihe temperature dependence of the absorption co-
efficients has been tabulated only once fer wavelengths above 254 nm.
The quantum yields for product paths at long wavelengths seem well esta-
blished and acceptable from the viewpoint of stratospheric and tropo-
spheric modeling. However, the quantum yields for O('D) production in
the Harley band show much disagreement, especially i{n the critical 300-320 nm
region. In any case, none were based on absolute measurement of the O(’P)
and 0('D) species produced at least not until after this study was under-

taken.
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I1T OBJECTIVE

The objective of this work was to obtain accurate and precise quantum

vields and absorption coefficients for ozous photelysis in the 280-330 nm

regicn for atmospheric modeling purpoces. Specifically, our method of

TR
3
b LAY e

approach had several advantages over previous systems designed to achieve

o this objective:

“lir

@® A long path, temperature-controlled cell was used to obtain
quantum j ields, makiug it possible to measure the very low
${'D) values in tl - Huggins ba.ad.

The absorption data are tabulated for modeling purposes.

@® For the first time, direct obscrvation of 0¢('D) formed the
basis for the relative quantum vield measurements. Thus,
the solvent effects and the effects of temperature on
secondary reactions cannot cause systematic errors. . 5

® We also measured absolute O(?P) quantum vields by direct
observation of O(’P). This overcome the problems encountered
in previous efforts, which for the most part entailed arbitrary
normalization to unity at 300 nm.

® Because primary 0(’P) quantum vields, 2(’P), are relatively

\ small in the Hartley Band, and since production of stable v g
o excited 0, does not occur, small uncertainties in O(*?P) )
production lcads to extremely precise values of #('D). That -

is, since ¢(°P), ¢('D), and the uncertainties in the quantum ;

. vields A3('D) and A¢(°P) are related by: :
: b
Ay aCpy (16) :

»('p) T 1 - :CP) * :

y For the relatively small values of ¢(’P) and even smaller g
: uncertainties, the precision in the derived 0('D) quantum z

) ylelds are much better than can be obtained by measuring H

: ¢(*D) directly with the same relative precision. s
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: Table 1
s SUMMARY OF 0('D) QUANTUM YIELDS AT 313 nm ‘
;f Temperature Photolvtic :
. Investigators 00D W Technigue Source _ :
£! .
?: Castellano and Gas phase Qi cw lamp
o Schumacher (Ref. 20) 1.0 298 decrease in
: U, pressure
* Kajimoto and 0.53 313 Gas phase 033 aw lamp 3
Cvetanovic (Ref. 26) 0.21 298 N:0: Increase chemical i
in N3 filter ;
Martin, Girman, and 0.32 298 03, N;0; chemi- cw lamp '
Johnston (Ref. 27) luminescence ;
Moortgatt and Warneck 0.29 298 0,, N,0; NO,; cw lamp ?
(Ref. 28) chemiluminescence :
Kuis, Simonaitis, and 0.29 293 Gas phase O0,, cw lamp ?
Heicklen (Ref. 29) 0.22 258 0z, N;0; in- chemical i
0.11 221 crcasce in N; filrer
¥
Jones and Wavne 2.1 298 Decrease in O, cw lamp
(Ref. 30 1
o Lin and DeMore 0.08 235 03, isobutane cw lamp
(Ref. 31) ]
Philen, Watson, and 0.12 298 O3, Nz0, NO; Pulsced dve 3
Davis (Ref. 32) chemjilumines~ laser 5
cence :
k
Arnold, Come:, and 0.20 298 Gas phase 0s, Pulsed dve i
i Moortgatt (Ref. 33) N20, NO: chemi- laser %
. luminescence :
4 .
. i
! 3
: This wcrk 0.19 -~ 0,09 300 Gas phase 05, Pulsed dve i
0.15 + 0.13 268 0('D) emission laser ;
. 0.04 -~ 0.10 198 0(’P) resonancc b
fluorescence :
‘ j
i
1
1
i
5
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ITI ABSORPTION COEFFICIENT MEASUREMENTS ' . |

A. Details of Apparatus

The basic apparatus used to measure the ozone absorption coeffi- -y
cients is shown schematically in Figure 1, It consisted of a light
source; a regulated lamp power supply and monitoring system; a gas

purification, mixing and pumping system; a Perkin Elmer '40-meter"”

multiple-reflection White cell; an ethylene glycol cooling and circula-
tion system; and an MPI 1018B monochromator with 1P28 photomultiplier;

oy and a picoammeter and recorder.

Three light sources were actually used. The main light source, used
primarily in the 250-300 nm region, was a Hanovia 795C-394 2500 watt,
high-pressure xenon lamp. It was housed in Oriel Model 6153 Universal
lamp housing with 100-mm quartz optics. The regulated power supply was
adjusted to provide 2000 watts for all experiments. After an initial
warm-up period of about 10 minu.cs, the observed intensity did not change

. more than 1% in any one period of up to 8 hours continuous use. The light
| was passed through a 10-cm water-cooled water filter to eliminate IR .
radiation. Corning glass filters 7-54 and 7-59 were used both at the
entrance to the cell and just behind the entrance slit of the monochroma-
tor. These filters were used to minimize the amount of scattered light
and thus reduce the wavelength dependence of the background to an im-
measurably small value. All these filters helped to protect the optical
= surfaces and slits in the system from high intensity UV radiation and
l heat damage. In principle, the Hanovia lamp was the most useful point
o source because it was continuous over the whole range and because it was
very intense, which allowed us to use narrow slit widths (limited only
* by the monochromator geometry). However, its disadvantages, mainly its
« fragility and the unreliability in its supply, led us to use a hydrogen
continuum source in the 290-330 nm region. The lamp was from a Beckman

DU spectrophotometer. It is smoothly continuous and the output spectrum

is relatively flat in the 290-330 nm region. Below about 290 nm, the
6
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FIGURE 1 APPARATUS USED IN MAKING ABSORPTION COEFFICIENT MEASUREMENTS

Shown for use in teking absorption dsta taken over 388-om path length. M1, 2, 3,
4, are system mirrors in order of light incidencs. TC 1, 2, 3, represent thermocouple
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intensity drops off rather quickly. Above about 350 nm, the emisgion
spectrum becomes too structured to be useful. Thus, a tungsten filament,

incandescent quartz halogen lamp was ugzd in the 350-370 region.

. The gas-handling system ccnsisted of three parts: a stainless steel
gas inlet system, a glass storage system with Teflon stopcocks, and a
copper and rubber tube exhaust pumping system. Pressures were measured
with a Texas Instruments (TI) Bourden cell gauge for most experiments
-down to one-torr; a transducer was used at pressures down to 10 millitorr.
Both systems were standardized against a McLeod gauge. The TI gauge had
an uncertainty of less than * 10 millitorr at all pressures used, and

the transducer precision was about * 17%.

A Perkin-Elmer multiple~reflection White cell, with 15-cm main optics,
was used as the absorption cell. The mirrors were aluminum-coated with
a thin Si0, overcoat that is inert to the ozone at the high pressures
present during some of these experiments. The maximum path length was
limited to 32 m by the combination of surface reflectance, light intensity,
and detector sensitivity. The total path lengths in the cooled
Perkin-Elmer system were measured to within 1% by direc: measurement.
This uncertainty includes the slight difference in path lengths for light
striking the edges and the center of the mirrors. 1Inlet and outlet

apertures were 5-mm wide; the sealing gaskets were made of Viton.

The reaction cell was placed in a 50-gallon insulated cooling bath,
deep enough to immerse about 85% of the cell. The other 154, with the
input optics was covled with coils through which the bath liquid was
circulated. At -f7°C it was found convenient to pack the top with dry
ice to maintain the internal temperature.

Cooling bath equipment also included a 60-gal/min circulation pump,
a 500-ml/min parastalic pump for the cooling coils, and a cooling bath
capable of cooling the system to 273 K overnight without using dry ice
or liquid nitrogen. The coolant selected was 70% ethylene glycol in
water. This mixture remained liquid down to around 198 K, measured by
alcohol thermometer outside the photolysis cell. Temperatures inside

the cell were measured using three thermocouples: one at the bottom of
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the cell, one at about the liquid level, and one at the uppermost portion
of the cell,

The light from the lamp passed directly into the eutrance aperture
through a 6-mm quartz-plate window, traveled through the multiple reflec-
tion path, and passed back out through another 6-mm quartz-plate window
of the exit aperture. Dry nitrogen was passed over both windows to
prevent condensation of atmospheric moisture. After exiting the cell,
the light was reflected by a plane mirror through a quartz condensing
lens, which focused it on the slit of the MP-1018D 0.45-meter scanning
monochromator. The grating used in these experiments was a 2360-groove/mm
Jarrell-Ash replica grating blazed for maximum intensity at 270 nm in
first order.

A 1P28 photomultiplier detection system-including a high voltage
DC power supply, a Keithley Model 480 digfital picoammeter, and a
strip-chart recorder--was used to measure the intensity of the emerging
light beam. The wavelength resolution of the system using JO-um slits
reduced to 1 mm in height was better thaun 0.037 nm, based on measuring
the full width at half maximum of the /53.67-nm line from a low-pressure

mercury source.

The ozone was produced using a Wellsbach Model T-408 silent discharge
ozone generator, which delivers up to 4% O; in an atmosphere of 0, at a
flow rate as high as 4.0 liters/min. This mixture was passed through
a silica gel column that preferentially adsorbed the ozone. When the
column was loaded with the maximum amount of ozone at -78°C, the ozone
generator was turned off and the column was isolated from it and the
exhaust system. MNext, the valve to the rotary pump, which was protected
by a rubber tubing inlet, was opened. The column was pumped down to less
than 200 millitorr pressure at -78°C. To obtain the pure ozone, the dry
ice bath was removed and the pressure of the ozone was allowed to increase
in the absorption cell to as high as 50 torr. The ozone decomposes very
slowly on these columns so that pumping down is necessary about one time

per day to remove the oxygen formed.
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In the aluminum absorption cell, the rate of photolysis of the ozone
was negligibly and unmeasurably small. However, wall decomposition rates
were too high initially (30 min half-life) and were reduced by leaving
about 50 torr ozone in the cell overnight for several nights, for a total
cell conditioning time of about 48 hours. No leaks were prod 'ced by this
method and the ozone decomposed at a rate of less than 10% per hour at
firgt, and after many months of experiments, it decomposed at a rate of
less than 2% per hour. Thus, ozone pressure measurement accuracy was

limited only by the initial uncertainty in the oxygen purity and in the

pressure measuring apparatus.

B. Procedures

The procedures were essentially the same at all temperatures. After
the reaction cell was pumped down to less than 10 “, the system linearity
was checked, as well as the 0, destruction rate in the cell. This was
accomplished by first measuring the absorption as a function of pressure
at a monochromator setting of 300 nm, which was actually 299.71 nm. A

flowing system was used to take these intensity measurements as the

pressure was increased in increments. Then the system was pumped out in
increments, resulting in Io/I static measurements at the same pressures

as used in the flowing system measurements. The plot of log IO/I as a
function of total pressure established the linearity of the measured
photocurrent with transmitted intensity. 1In addition, there was no
significant difference between the absorption measurements for a flowing
system and the static system, which indicated that any unexpected pressure
gradients would not affect medsurements done in a flow system mode, and
that significant destruction of 05 did not occur in the static measure-
ments. This check was performed at each temperature, and in each case

a static system could be used to obtain precise and linear data.

Several runs were made over the same region with at least three
different electronic filtering time constants ranging up to 2 seconds to

be sure that no spurious peaks appeared and no absorption features were

10
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obliterated. A lamp monitor was used to be sure the lamp intensity did
not vary more than 1X during each run. However, because of drift in the
electronicg, it was necessary to reset initial conditions and begin a
retrace., If there was more than 0.5% shift in the measured intensity,

the run was not used and the scan was repeated.

The spectra were measured in overlapping 5-20 nm sections. The
length of a section was determined by the variations in both the continuum
intensities and the absorption intensities. 1In the 280-300 nm region
the intensity gradients were so large that the ozone pressure had to be
adjusted every 5 nm to meet the twin requirements of having enough photo-
current to measure accurately and yet not go off scale, since an error

was introduced when the picoammeter scales were changed during a run.

A typical scan would begin by pumping down the cell and obtaining
an initial background iuntensity spectrum. QOzone was then added to the
desired pressure, and an absorption scan was taken. These survey scans
were used to establish the overall relations of the parameters involved
and was to establish reference volumes for absorption coefficients.
Better values for reactive absorbance were obtained from data such as
that in Figure 2 where the vertical scale is expanded. These scans were
the ones used to deter.iuc the absorption cross sections at 1 nm intervals
at wavelengths determined by calibrating the monochromator using a low

pressure mercury lamp.

C. Results

Table 2 summarizes the experimental conditions for the absorption
coefficient measurements. Figure 2 shows a sample from an irnteresting
part of the spectrum as discussed later. The values obtained for the

extinction coefficients were calculated from:

1n(I_/1) \
0 298
0 = —s— 5 (15)
e, |\ T }

and are shown in Table 3. In equation (15), Io is the relative lamp

intensity at a given wavelength, I is the transmitted intensity at the
11
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same wavelength, £ is the path length, PO, is the pressure of ozone in

torr, and B is a consant tha* relates pressure to concentration at 298 K:

1

3.24 x 10** molec-sec” ' per torr.
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TYPICAL SCAN OF OZONE SPECTRUM

Expanded scale spectrum of 320-324 nm region. 17.3 torr ozone, 398 ¢cm path

length, 10 um slit width, Half width resolution: 0.04 nm. Scan speed 1.0 nm/min.

Light source: high pressure hydrogen lamp. 700 Volits on 1P28 photomultiplier.
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ABSOLUTE ABSORPTION CROSS~SECTIONS FQR OZONE

Table 3

AT 253-330 nm from 206-298K

Wavelength
(nm) 298K 271K 225K
253 1.21 x 10~*7  1.10 x 10”7 1.08 x 107'7
254 1.41 x 10™'7  1.37 x 10°'7 .1.33 x 1077
255 1.15 x 107 1.06 x 10°'7 1.09 x 10™17
256 1.32 x 107*7  1.36 x 10°*7  1.31 x 1077
257 9.71 x 10™** 9,90 x 107*®* 9.61 x 107'* .
258 1.11 x 10%7  1.1! x 10717 1.08 x 107*7 1.02 x 1077
259 1.13 x 10™'7  1.10 x 10™'7  1.09 x 107*7 1.07 x 1077
260 1.14 x 10°*7  1.11 x 107*7 1.08 x 10~'7 1.04 x 1077
261 1.08 x 10°*7  1.05 x 10°!7 1.01 x 1077 1.00 x 10°%7
262 1.05 x 107  1.06 x 1077 1.00 x 107'7  9.68 x 10718
263 1.03 x 10”7  9.98 x 10™*® 9.38 x 10"'®  9.31 x 1071®
264 1.03 x 10™*7  9.81 x 10™** 9,42 x 107'® 9,26 x 1071®
265 9.67 x 10°**  9.29 x 10°*® 9.11 x 107'® 9,10 x 107!®
266 9.10 x 107*®  9.07 x 107*® 9.05 x 107'®*  9.06 x 107'®
267 8.7 x 10°*®  8.54 x 10™'* 8.49 x 107'®* 8.39 x 107'®
268 7.57 x 10~** 8.18 x 10”'® 8.07 x 107'® 8.02 x 1071®
269 8.24 x 10°** 7.85 x 10~'* 7.8l x 107'®  7.79 x 10718
270 7.81 x 107*®  7.76 x 10™** 7.6l x 107'*  7.58 x 107*®
271 7.82 x 10°'*  7.26 x 107*% 7.20 x 107'®*  7.21 x 107**
272 6.95 x 10~**  6.91 x 10™** 6.90 x 107'*  6.83 x 107'*
273 6.24 x 10-*®  6.30 x 10~**  6.21 x 107'*  6.12 x 107°
274 5.82 x 107*®  5.85 x 10~** 5.51 x 107'®  5.43 x 107'°
275 5.51 x 10~*® 5.31 x 10™'® $.20 x 107'®* 5,13 x 107'®
276 5.16 x 107*®  5.17 x 10°*° 5.13 x 107** 5,01 x 107'®
277 5.03 x 107  4.84 x 10™*®  4.80 x 107**  4.71 x 1078
278 4.58 x 10~  4.42 x 10°*®*  4.31 x 107*®  4.30 x 1078
279 4.04 x 10°**  4.08 x 10~'* 4.0l x 1078  3.99 x 107*®
280 3.85 x 10~*® 3.8l x 10”*°® 3.81 x 107*®  3.78 x 107'®
281 3.45 x 10°*®  3.46 x 10*°  3.39 x 107® 3.40 x 1078
282 3.40 x 10™**  3.20 x 107*® 3.21 x 10M® 3.16 » 10718
283 3,04 x 10°%® 3.00 x 10°** 3.01 x 10718 2.94 x 1071®
284 2.66 x 107*® 2.61 x 107** 2.55 x 1071® 2.56 x 1078
285 2.42 x 10~%®  2.34 x 10-*°  2.31 x 107*® 2,30 x 1078
286 2.07 x 10-** 2,19 x 10™*®* 2.02 x 10718 1.98 x 1078
287 2.00 x 10°**  1.94 x 10°'®* 1.92 x 10718 1.90 x 107®
288 1.70 x 10~*® 1.51 x 107'®* 1.48 x 10718  1.46 x 107°
289 1.54 x 10™*®  1.50 x 107'® 1.41 x 107® 1.40 x 1078
290 1.35 x 10~'®  1.31 x 107'® 1.21 x 10718 1.20 x 1078
291 1.21 x 10°*®  1.91 x 10°** 1.00 x 10718 9.98 x 1071°
292 1.10 x 10™**  1.05 x 10°'* 1.01 x 1071® 9.99 x 107°
293 8.39 x 107*° 8,96 x 107*'* 8.45 x 1071® 8.20 x 10M°®
294 8.31 x 10-** 8,30 x 107** 8.29 x 107® 8.21 x 1071°
295 7.88 x 107"  7.79 x 107 7.71 x 107t® 7.70 x 107™°

Cross-sections in cm?. s
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Table 3 (Continued)

e g -

Wavelength

(nm) 298K 271K 225K 206K

296 6.47 x 107*°  6.40 x 10”'®  6.40 x 107'? 6,38 x 1071°
297 5.77 x 10°**  5.70 x 10™** 5.64 x 107!® 5,60 x 107%°
298 4.645 x 107** 4,18 x 107"  4.07 x 107!?  4.04 x 1071°
299 4,48 x 107'®  4.15 x 107*°  4.10 x 107'°  4.03 x 107?®
300 4.09 x 107*®  3.96 x 10°*°* 3.90 x 107'®  3.85 x 107'®
301 3.49 x 10°*  3.31 x 107** 3.21 x 107" 3,20 x 107!°
302 3.13 x 107" 2,96 x 10™** 2.92 x 107'?  2.91 x 10°'?
303 2.68 x 107**  2.60 x 10™** 2.51 x 107'® 2,48 x 10°?'°
304 2.15 x 107** 2,28 x 10”**  2.17 x 107'% 2.08 x 107°
305 2.11 x 10°**  1.99 x 10°*°* 1.95 x 10°*® 1.91 x 10°'®
306 1.83 x 107 1,79 x 107** 1.75 x 10 1.73 x 107*®
307 1.61 x 107**  1.55 x 107*® 1.53 x 107'®  1.49 x 107'®
308 1.48 x 107**  1.51 x 107*® 1.49 x 107! 1.51 x 107?®
309 1.21 x 107**  1.23 x 10°*®  1.19 x 10°'® 1.12 x 107*®
310 9.92 x 1072° 9.81 x 1072° 9,42 x 107%*° 9.89 x 1072%°
311 9.52 x 107*° 9,48 x 107*° 9.30 x 107%*° 9,10 x 10~?°
312 8.07 x 107%° 7.41 x 107%° 7.25 x 107%°  6.92 x 10°%°
313 6.93 x 107%°  6.73 x 1072?°  6.61 x 1072?° 6.54 x 1072°
314 6.35 x 1072%  5.14 x 107%°  4.50 x 107%*°  3.96 x 10°%°
315 5.24 x 107%°  5.01 x 107%°  4.62 x 107%*°  4.54 x 1072°
316 5.16 x 107%°  4.98 x 107%° 4,22 x 107*°  4.1i9 x 107%°
317 4,12 x 107*°  3.83 x 107*° 3.36 x 107%° 2.98 x 107%°
318 3.74 x 107%°  3.41 x 10°%°  3.21 x 107%*° 2,79 x 10°%°
319 2.80 x 107%°  2.51 x 107%° 2,32 x 107*° 2.11 x 10°%°
320 2.59 x 107%° 2.49 x 107*° 2.43 x 10°*°  2.40 x 1072°
321 2.43 x 107%° 2,26 x 10°*°  9.91 x 1072' 8.96 x 1073**
322 2.65 x 107%° 2,13 x 107%*°  2.02 x 107*° 1.98 x 107%°
323 2.54 x 10°%°  1.92 x 107%*°  1.36 x 107%° 1.38 x 107%°
324 2.25 x 1072° 1.80 x 107%° 1.53 x 10-*°  1.38 x 10~?°
325 1.84 x 107%°  1.61 x 1072%° 1.38 x 10°7%° 1.04 x 107?%°
326 1.16 x 1072° 1,11 x 107%° 9.82 x 107*' 9.63 x 107%}
327 9.27 x 107%'  7.94 x 10”%** 6.03 x 107%**' 5.93 x 10”%!
328 1.31 x 10°2°  1.29 x 107%*° 1.29 x 107*°® 1.30 x 107%°
329 9.38 x 107%* 6.86 x 107%** 5.61 x 107%*!'  4.64 x 107%?
330 6.68 x 107%**  6.01 x 107*'  5.03 x 107*'  4.10 x 107%*

Cross sections in cm?.
16
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Table 3 (Concluded)
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* Wavelength
¥ (nm) 298°K 271°K 225°K 206°K
2 -
Q - 331 7.29 x 10°**  6.94 x 10°*' 5,80 x 10=*' 5,39 x 10~*!
Y| . 332 6.97 x 107*' 4.8, x 107%*' 3,12 x 10”%** 2.50 x 107
é . 333 4.74 x 107** 3,63 x 10°** 2,71 x 10°*'  1.77 x 10°*!
: : 334 5.66 x 107%*  5.62 x 107 5.61 x 107?' 5,60 x 107%!
E b 335 2.53 x 107%'  2.21 x 10°*'  1.95 x 10~%** 1,60 x 10~*!
s : 336 2.60 x 10-3' 2.11 x 10~2' 1.01 x 10~** 7,33 x 10°*?
A 337 3.81 x 10-%'  3.61 x 10°%' 1.82 x 10”** 1.78 x 10°%?
! 338 2,57 x 107%' 2,47 x 107** 1,92 x 10°*' 1.33 x 1073}
F 339 1.32 x 10=2'  9.84 x 107%* 6,12 x 10™%** 4,99 x 10”22
£ 340 2.04 x 10°%*'  1.13 x 10~** 7.26 x 10~** 6.8l x 10°%?
3] 341 1.01 x 107*'  8.64 x 107?? 7,41 x 107** 7,30 x 10-3?
1 342 7.65 x 107%** 6,21 x 107** 3,19 x 10-%* 2,25 x 107%%
i 343 9.64 x 107%*  7.01 x 10™%? 4,29 x 107%® 1.43 x 10™%?
o 344 1.24 x 10°*'  1.02 x 107*' 9.9 x 107%% 9,0 x 10°23
. 345 6.26 x 10=%% 5,74 x 107%? 4,25 x 10~%*? 3.0! x 10°%?
; 346 5.77 x 10°%* 1.2l x 107%** 8.4 x 10°*' 5.9 x 10723
- 347 5.22 x 107%% 5.0l x 10722  4.56 x 1072  4.49 x 10-3%?
- 348 3.62 x 10°%*  3.64 x 10°*? 3,20 x 10~%* .73 x 10~%?
i 349 3.06 x 107%*% 1,09 x 10°%* 7.8 x 10~%** 5.2 x 10~%°
: 350 3.80 x 10=%* 9,21 x 107%*> 4.3 x 10°?** 2,0 x 10°?%?
351 3.14 x 10722 9,48 x 10732 6.1 x 1072 5.6 x 10°2?
352 2.47 x 107%? 2,36 x 10°%?  2.13 x 10°3** 2.17 x 10°%?
o 353 2.44 x 107%%  1.02 x 10°%*? 6.8 x 107%* 5.2 x 10°%
- 354 1.34 x 10~%*  6.73 x 107%* 1.1 x 10™%*> 1,00 x 10723
! 355 1.00 x 107%% 3,16 x 10~** 6 x 10** 5.0 x 10°%*
T 356 7.6 x 10~%* 5,26 x 107** 2.6 x 10°%** 1.0 x 10-%®
f 357 1.35 x 107%%  9.58 x 10~%*® 3,2 x 10°%* 9 x 1072
358 1.03 x 107%*  5.34 x 107%** 6 x 107" < 10™2%*
: 359 5.4 x 107%2 2,1 x 10"%* < 102" < 10™2%*
. 360
o 361 4.9 x 10-%? 2.1 x 10-%* < 103 ¢ x 10-3*
; 362 7 x 1072 < 10~% < 10~3* < 1072
- 363 3.1 x 107?? < 10— < 10™3* < 10~3%*
3 364 7 x 10-%* 2 x 10-3%* < 10-2* < 10-2%*
i 365 2.2 x 10-%** g9 x 1072* < 10~2~ < 1073%¢
# 366 3.0 x 10-?° 1 x 10-2“ < 10-2* < 10-%*
A 367 3 x 10-%* < 1072 < 10-2%“ < 107
'j 368 2.1 x 10°** 9 x 1072 < 10-% < 10-3%*°
B 369 1.1 x 102 6 x 1073* <« 10-%* < 10~3*
4 370 1.0 x 10™** < 10-2** < 10-%* < 107%°
. Cross section values in cm?. 3

17
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IV QUANTUM YIELD MEASUREMENTS

A. Equipment and Procedures

The quantum yield apparatus 1is schematically diagrammed in Figure 3.

The light source for these experiments was a Chromatix CMY¥-IV flash-
lamp pumped, freguency doubled, tunable dyec laser. The'output, which
covered the range 265-330 am, was obtained using Coumarin 522, Sodium
Fluorescein, Rhodamine 575, Rhodamine 6G, and Rhodamine 640. The
900-ns-wide pulse emitted between 4 x 10'* {at 265 nm) to 1.0 x 10'*

(at 300 nm) photons per pulse. The laser was operated between 5 and 35

pulses per second. Since several hundred to as many as 3000 shots were
necessary to generate a signal, the output was constantiy monitored
during the O('D) emission experiments by a Laser Precision Co. Mode] RK
3232 power meter. The laser beam was monitored after passing through

the cell. The power meter was calibrated at 290 nm and 310 nm using a
ferrioxalate chemical actinometer. 1t was found that the detector head
had deteriorated so that the absolute power readings were only approxi-
mately 717 of the power in the beam as determined from the actinometry.
However, the detector sensitivity as a function of wavelength only varied
about 47 between these two wavelengths. Further actinometric measurements B
at 280 and 330 showed a 67 differential over the whole range. These values

were used to correct the detector sensitivity as a function of wavelength.

Two reaction cells were used. One, with no outer jacket, was used
for some of the room temperature O{'D) fluorescence determinations. It
was found that the jacketed cell, with no provisions for Wood's Horns,
actually increased observed 0('D) fluorescence slightly (presumably some
630-nm photons reflected off the rear wall). When the cell was used for
resonance fluorescence measurements, black velvet was used to reduce the
scattered light intensity to allow measurements of O(’P) resonance

scattering in the same cell.

The main cell consisted of a 15 cm long by 25 mm diameter Pyrex

inner chamber, surrounded by a jacket through which cooled methanol was
18
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flowed. Double windowe at the ends kept the inner surfaces cool to
prevent significant thermal losses, and calcium oxide between the windows
prevented fogging due to condensation. The side windows were isolated
from atmosphéric moisture by direct contact with optical elements of the

detection system, or by a small quartz evacuated spacer.

Ozone was prepared as described for the absorption measurements.
The pressure measurements were made by means of a Gould model 580-A.

absolute reading capacitance nanometer.

For the O('D) ewmission measurements, the detection system consisted
of a 630~-nm interference filter (Optics Technology, 4 = 0.26 nm), a UV
blocking interference filter, and an RCA C31034 red-sensitized photo-
multiplier cooled to a dry ice temperature to ra2duce dark-current pulse
rate at 1450 volts. The pulses from the phoronultiplier were fed through
a preamplifier, amplifier and discriminator before being counted in the
Canberra 8000 Multichannel Analvzer (MCA). The MCA had a channel width
of 10 us and a maximum count rate of S x 107 cps. It was triggered by
the laser trigger gate pulse. The jitter and delay between the lamp firing

and the trigger pulse to the MCA were observed to be less than 1 us.

In a typical O('D) emission experiment, ozone would be first mixed
with helium in about a 1 to 10° ratio and stored temporarily in a 10-liter
bulb at about one atmosphere. The mixture would then be slowly flowed
through the cell, the laser turned on, and the output sampled as the
experiment went on. The total pressure was monitored and kept to within
1% at 0.1 to 8 torr total pressure. The average residence time of an
average ozone molecule in the 5-mm beam of the laser was about eighty shots.

Much less than .0l1% of the ozone was photolyzed in each shot, however.

Typically, the procedure for the O(?P) measurements was the same
except that the laser intensity was not monitcred. N, iand H, were added

in small quantities to the 0;/He mixture in the bulb for some experiments.

Also, for O(SP); a microwave~discharge resonance lamp of conventional
design was made using MgF; and CaF; optics. An EMI-Photcelectric Co.

542G-09 solar blind photomultiplier with magnesium fluoride windows was

20
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used as the detector. The signal was processed in the same way as in

the case of 0('D).

B. Results

In pure ozone with a helium butfer the 0('D) and O(*P) concentrations

were governed by:

Since the field of view for both the emission and resonance
fluroescence systems was much larger than the diameter of the photolysis
5 region (5-6 mm diameter laser beam), diffusion and wall reactions were

unimportant in the 100-1500 us time scale used.

e R e i

1
% 2 0(*D) + 05 ('A)

Os + hv p——m= 0(’D) + 0; (X'L)

3

10
0(;9) + 03 2.5 X lO’i

Ref. 41

0(*P) + 0s

14
0(3P) + 0, 1.0 x 100 20,

Ref. 39

0('D) === 0(’P) + hv

Thus,

the concentration of 0('D) should be governed by:

3 mediately after the flash.

! compared to the chemical lifetime, the emission signal, in counts per

P i | e—

[0C'p)} = [oC'p)) e kI0s]E

where k = 2.5 x 107 !° and [O(‘D)]o is the concentration of 0('D) im~ :
Since the radiative lifetime of O('D) is long ]

21
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second, was directly proportional to the [0('D)] and thus the number of
counts in each channel of the MCA (Cq) 1s given by:
e-k[O;]nAt -

¢ =c, e-nAt/T

where At is the channel width, n is the channel number, and 1 is the time

the signal decays to l/e of its initial value. 1 should be much gteéter than
At . The number of counts that should be in the first channel can be
obtained by linear regression of a plot of log Cn versus n. It can easily
be shown?® that the initial intensity in counts per second at t=0 is

related to the number of counts in the first channel by:

I = Ca

3 (24)
o T(E-G/r - e—At/r,

where & is the dead switching time between channels. (This time is 0.1 us

for the Canberra 8000 used to make these measurements). 1In practice, §
and At were much smaller than 1 so that Io differed from C,/4t by only

a few percent. This is the limit for (24) as § and At approach zero.

The experimental results from the O('D) emission experiments can be
seen (Figure 4) to conform to the expected decay behavior, with a deccay
time consistent with the rate constant of (2.7 * 1.5) x 10~'° cc molec~!
-1

sec The zero ozone concentration disappearance rate for 0('D), obtained

by linear regression of a rate vs. [0.]) plot, was less than 107! sec™’;

however, evidence for a diffusion or diffusion-like process could be seen

in the decay curves at the lowest helium pressure used (1 torr).

The relative primary quantum yield for O('D production is given by:

1

o]
U ey = T e M) (22

where PL i1s the average laser power or total energy after n shots, A is

the wavelength, n is th2 number of shots, and ¢ is the absorption cross

section of ozone. Values of o(‘D)rel are given in Table 4.

22

- — . s
Rk Kl

JypTve




R e et Sy R 1

. e

EE Y L

Sl 1 I I I N O N I I O O O B

IR oy
COUNTS PER CHANNEL

CHANNEL NUMBER
1 I 21 3l 41 5 LBJ 7 liLg l10L1 1J12|13L14JLSL161171‘8|19120
0 100 200
TIME (us)

0

§A -7916-3

FIGURE 4 TYPICAL Q('D) EMISSION SIGNAL
0{' D) emission results for A = 306 nm 1000 shots.
(0,) = 2.18 x 103 cc™'. Apparent rate constant: 2.8 x 10~'%cc-moles™ ' sac”!
nitial intensity = 241 + 23 counts per 10 us per 1000 shots.
First channel not used in determination.
Helium Pressure: 9.4 torr, 298 K.

mmm; BRI IR ey sy g

g e

TRCNTIC T eT
. - -

bt

23




SR

r e o s e

PR S U G CIvSIp AP SIS L Sy

BT —

For 0(’P) the situation was a bit more complicated; consequently,
fewer measurements were made. Since it has now been clearly demonstrated
a number of times (Davenport39:“0 and Weisenfeld3%»3% that 0(!D) reacts
with ozone to produce exactly one 0(°P), and since the rate constant for
the production of O(’P) should be the same as for the disappearance of
0{'D), the O(’P) should be governed by:

-k{05]¢t

[0CP)] = [0CPY] + (1 - e Yo' ], (26)

Equations (22) and (26) describe our system, which is applicable for

any Oz fragment, as long as it does not react quickly with ozone to produce

0(®P) or O('D). This 1is certainly the case for 0,('A) (rate constants=

2.5 x 1002 cm® molec™ ! sec”™!) and vibrationally excited O, on the time
scales used here. However, 0,('L) + 0,, with a rate constant one tenth
that of O('D) + 0,, could conceivably affect our results by a factor of
two if 0,('L) were produced with unit quantum efficiency. That is, the
O('D)0 of equation (24) would properly be replaced by [0(‘D)]o + [Oz(‘Z)]o.
However, it has been well established“! that 0,('f) production

in the Hartley band is less than 107%.

The analysis for determining the initial signal intensity 1s given
by equation (24). 1In the case of O(’P), however, an absolute quantum
yield can be determined. Assuming the decay of the O(’P) to be negligible
(which makes the regression calculations much simpler), the ratio of I0
to the plateau intensity for O(’P) resonance fluorescence at times long
compared to the time constant for o(tp) + 0», will be the absolute quanrum
yield assuming 0,('%) does not produce extra O(’P). This is because all
the 0('D) formed in the {nitial photolysis is converted to 0(’P) before

0(’P) decay can occur to a significant extent.

The quantum yield values thus obtained are shown in Figure 5. They

can be used to put the more extensive O('D) emission quantum yields on

an absolute basis.

Experiments were conducted with H; and with N; present as efficient

reactant and quencher, respectively, for 0('D). The H; results slowed

24
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the initial formation of O(’P) so that initial signals could be obtained
more precisely; however, secondary reactions that lead to chains did not
allow for absolute quantum yield measurements. Instead, the initial
intensity derived had to be compared to the maximum intensity in pure
ozone or with up to 1.0 torr N, present with the ozone. These experiments
served primarily to help establish that secondary reactions were unot
contributing to the O(°P) signal.

The temperature dependence was obtained for both the O('D) and G(’P)
by obtaining the ratios of initial intensities for two runs under identical
conditions except that the temperature was changed. Thus relative values

were actually obtained and they are given in Table 4. The 0('D) signal

at the lowest temperature used was just discernible at 313 and represents
the limit of our sensitivity. In order to obtain the value listed, runs
of up to 5,000 shots were taken. The O(’P) signals were too uncertain

to be usad to determine the ¢/'D) value under these conditions.

Experimental running times for all experiments ranged from 15 minutes

to 2 hours, with 20-30 minutes being the norm.
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V  DISCUSSION

T e R

The absolute absorption coefficients at room temperature, given in
Table 2, agree well with the data in the literature as shown in Table §.
At lower temperatures, there are only two previous studies, those of '~i
Simons et al.“*2 who do not calculate their values for 300 and 200 K, and ' E

those of Vigroux.“~!! In general, allowing for interpolation errors for

temperature, the Vigroux values for absorption valleys are typically higher
than those for Simons et al. at low temperatures. However, the room

temperature values“3 for Simons et al. seem higher than those of Inn and

PR

Tanaka and Griggs. Our values range to about 5-10% lower than Vigroux's
values in the valleys and tend to “avor his results over those of Simons
et al., though interpolation and extrapolation of the various data could
account for most of the differences. There were some definite differences i
between the absorption spectra of Inn and Tanaka3 and of Griggs? and our
spectrum. Specifically, the shoulder in our data a¢ 321.0 nm, shown clearly
in Figure 3, is missing in the referenced data.?3 However, it is clearly
shown in Simon et al.“? Our spectra, again in agreement with Simons et al.
show the peak to occur at 323.1 nm, not the absorption valley as in the
other works. There is a small peak missing in the data of Inn and Tanaka

at 326.3 nm which appears in the present work, as well as in Simons et al.
and Griggs. Finally, many spectrum features at wavelengths above 346 nm
which are present in the present work and in Simons et al., are totally
missing from both Grigg's and Inn and Tanaka's work. In general, these

are only minor differences in the spectra if they are only to be used

to calculate photolysis rates. In particular, there is good agreement

in the 250-320 nm regfon.

At room temperature, the quantum yield data below 300 nm are in agree-
ment with those of Fairchild et al.3" and Sparks et al.,35 except that
we only sze 3% O0(°P) production at 270 nm at room temperature. The 7%
value for O(°P) obtained at 190 K shows that within experimental error,
the quantum yield for O(’P) production changes very little with temperature
in the range studied. 27a
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Table §

!

COMPARISON OF ABSOLUTE ABSORPTLON COEFFICIENT MEASUREMENTS

BT E LN EERECIEN

Wavelangth  Reference Reference Reference Presegt
: (nm) 12 2 17 Work
253.7 306.5 303.5 310.8 304.2
i 296.7 39.4 39.8 39.8 39.5
334.1 nm 0.150 0.150 -- 0.149

- -1

Values in atm cm S§.T.P., base e.

'(.C.Y. Inn and Y. Tanaka, J. Opt. Soc. Amer. 43, 870
(1953)

M. Griggs, J. Chem. Phys. 49, 857 (1968).
17w, B. DcMore and O. Raper, J. Phvs. Chem. 68, 412 (1964).

g

dFrom a series of measurements at each wavelength. Absorption 1
coefficient given by 1n [(Iy - Ipg)/(I-Ig)]/fP where Iy is .
the background photomultiplier dark current, I, is the
current without ozone present, I is the current
after O, is added to the cell at temperature corrected
pressure P = (273K/299K)Po vhere P, is the observed pressure
in atmosphere, and ¢ is the path length, which in this case
was 396 + 0.4 cm.
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At 313 nm the temperature dependence data presented in Table 4 seem

to agree within experimental error with the data of Kajimoto and Cvetanovic,~®

with Liu and De More.3! These results show a greater decrease in o('y)

quantum than those of Kuis et al.?9 Using the empirical arctan expression
derived by Moortgat and Kudjus, which fits their data well, we calculate
that the expected O{'D) primary quantum yield values at 313 would be 0.28,
0.18, and .00B5 at 300, 270, and 198 K respectively, compared to our ex-
perimental values of .19, .15, and .008 respectively. All these values,
except the first, at 300°K, are within experimental error at corresponding

temperatures. The value of ,1vy is tne value (from Figure 5) from which

23
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the otners are derived using the data from Table 4. Thus, our data do
not agree with the room temperature value for the quantum yield derived
by the equations and, more important, do not show the drop-off with
temperature predicted by the formula at 270°K. Thus, even if the value

for ¢('D) is actually 0.28, our data shows that the quantum yield at 279
would be 0.23. —_— : :

Using a symmetrical top model we estimated ground state internal
energy population distributions to test whether the 0('D) quantum yield
has a wavelength profile consistent with a threshold photodissociation
process. In this model, rotational energy is pooled with photon energy
to cause the transition to the continuous dissocjiative state. For an

oblate symmetrical top, the energy terms are given by:*"

o - - 3
LJK BJ(J + 1) + (A - B)X

where K and J are rotational quantum numbers where K has all integral

values between + [J]. A and B ave rotational angular momentum constants

which are given by"** 3.55348 and .420020 cm™' respectively, for ozone.

Actually ozone is not quite a symmetrical top molecule and the asymmetrical

energy constants are actually given by“*“ A = .355348, B = .44525, C =
.39479. Thus in making this calculation absolute we assumed that neither
.445 or ,395 varied significantly from .42,

29
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The centripidal distortion factors have been ignored since we are dealing
with relatively low temperature threshold phenomena. A degeneracy of

2J + 1 is associated with each energy level with a quantum number J, and
each non-zero K level is doubly degenerate. Thus, the relative polulation
of each energy level PJK can be given by the Maxwell-Boltzman distribution

Jaw:

P

K,J he
- §  ——
—3?— = g°(2J + 1)exp( EJK kT)

where PK,J is the population of the rotational energy level with quantum
numbers J and K, and where g, = gK * K, 8 is the nuclear spin statistical
weighting factor which equals 1 for K = 0,2,4....and zero otherwise aad

K is 2 for all K ¥ 0, 1 otherwise. N {s a normalization factor which

is equal to the total population in the vibrational ground state divided
by the rotational partition function. Relative populations PK,J/N were
calculated to energies of 122C cm™' corresponding to a J quantum number
value of 20 3ind an equivalent wavelength of 320 nm (308 nm is rhe dis-
soclation energy). This is at the limits of this model since we did not
include vibrational influences on the population and because we did not

include the centrifugal stretching correction.

By performing these calculations, we found that the difference
between the calculated and measured percentage reduction in quantum yields
with temperature at given wavelengths is within our experimental error.
Rowever, the PK’J/N value at 213 and room temperature is about 8% lower
than found experimentally,

Experimental quantum yield valueg marginally higher than expected
from these sample calculations have also been reported by Brock and Watson®“’
in the case of ozone, and by Davenport“® and others in the case of NO,.
For ozone however, recent calculaticns by Hudson"> using a large computer
with none of the simplifying assumptions used above has succeeded in
matching the data of Watson et al.“’ very closely without having to in-

voke a third photolytic process such as for instance production of 0,('S)

+00°p).
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Tt was not the purpose of this work, however to totally elucidate
the detailed mechanism by which 03 photolyzes, The data are not extensive
enough to do this. They were obtained primarily to provide an accurate
basis upon which to calculate sriaiospheric 03 primarily photolysis rates
and O(ID) and O(°P) moderation rates. Combination of the values of o and
@(10) given in this report with known photon fluxes, ozone concentration,
and atmospheric temperatures should vield values for 0(10) production
rates that are accurate to within 10% at room temperature, or about 25%

at about 200 K, plus the percent error in the flux vaiues.
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